Abstract. Aluminum alloys exhibit recrystallization kinetics that vary strongly with composition. The conventional understanding is that certain alloying elements, e.g. chromium, retard grain boundary motion due to the formation of fine dispersions of second phase particles, giving rise to particle drag of boundaries. There is countervailing evidence, however, that suggests that solute drag provides a stronger influence on grain boundary mobility. This paper presents new evidence for a pronounced effect of solute based on experiments in which individual boundaries migrate under the driving pressure of stored energy from prior plastic strain. As supported by the literature, boundaries exhibit a maximum mobility for a 38-39 degree <111> misorientation in initial annealing experiments. Specifically, this mobility maximum is asymmetric with a sharp cutoff below 38-39 degrees but a more gradual decrease at misorientations beyond 40 degrees. The occurrence of other, smaller mobility peaks is discussed within the context of the sharpening of evolving maxima with discussed within the context of the sharpening of evolving maxima with increased recrystallization. The presence of a minimum at 38-39 degrees is found at both higher temperatures and higher solute concentrations. This transition from a local mobility maximum to a minimum is discussed within the context of recent theories solute drag activity.
Introduction
The effect of solutes on the migration of boundaries has long been a topic of investigation due to its tremendous impact on its applications in materials science, both industrial and academic. All commercially significant alloys have substantial levels of solute that strongly affect the migration mechanism. The source of this drag is the displacement between the position of the moving boundary and the position of the chemical potential defined by the solute distribution, assuming that there is a significant segregation of solute to or away from the boundary. Unfortunately, very little experimental data has been collected for either low or high angle boundary mobility in alloys although some studies have been performed in nominally 'pure' materials [6] . Even for these nominally pure metals, boundary migration is affected by solute. The lack of measurement of the solute drag effect can be attributed to the difficulty of defining the exact location and action of solute "drag" as the force of attraction between the grain boundary and the alloying element(s) [1, 5] , to the oversimplification inherent in current solute drag theory, or most importantly, to the limitations of current imaging capabilities.
There exists a limited amount of experimental investigation with respect to solute drag, all of which has been performed within a Scanning Electron Microscope.
Evidence of both solute drag as well as differences in growth mechanisms of certain boundary types has been seen [2] [3] [4] 6] .
Experimental
The mobility of individual grain boundaries during recrystallization was studied with an in-situ annealing procedure. A hot-stage was inserted into the XL-40 FEG SEM in order to observe directly the mechanism of boundary movement, as shown in Fig. 1 . During these heating experiments, electron backscatter diffraction patterns (EBSPs) were obtained to examine the orientation relationships of each grain at each stage of development. This method is closely related to that of both Humphreys and Huang [3, 4] and Molodov et al. [2] , where both boundary velocity and orientation are studied during recrystallization. Single crystals were grown from compressed samples of differing impurity concentrations (Table I ) and subsequently cold rolled and scratched before heating. Electron Backscatter Diffraction Patterns were acquired intermittently during the in-situ annealing experiments. This process was repeated until the desired grain size was reached; this was commonly found around 200 µm. 
Results and Discussion
Annealing experiments with the two alloys, HPAl+Zr and CPAl+Zr, showed that there is a strong dependence of mobility and morphology on both boundary character (i.e. misorientation) and annealing temperature. In the HPAl+Zr alloy, a pronounced 998 Recrystallization and Grain Growth 38-39°<111> mobility maximum was found when annealed at 350°C; these highly mobile grain boundaries were characterized as near-sigma 7 type CSL boundaries, and exhibited pronounced faceting, growing parallel to the rolling direction with these faceted edges at the growing front of the grain. This phenomenon is shown in Fig. 2 that shows micrographs at successive times for a sample of HPAl+Zr annealed at 350°C. A maximum sharpening just below 40° is displayed in Fig. 3 . A sharp contrast in this trend was observed during annealing HPAl+Zr at 485°C. The mobility maximum at approximately 38° appeared to become a minimum; this shift in temperature also resulted in maxima at approximately 35° and 48° degrees, respectively. This is seen in Fig. 4a . This trend can be explained by the compensation temperature (Tc) effect [6] , i.e., that all boundaries in a given series have enthalpies and entropies of mobility in a fixed ratio with the consequence that at some particular (compensation) temperature, all mobilities are equal. Variations in enthalpy among boundary types in the same series may then lead to reversals in the rank order of mobilities as the temperature is changed. Another result of the higher temperature anneal was that the faceting of the growing grains was less pronounced, as shown in Fig. 4b . The absence of faceting mimics the behavior of the alloy with a higher solute content, CPAl+Zr, which is a commercial purity aluminum containing appreciable amounts of iron and silicon as well as the deliberate addition of zirconium. The annealing sequence for CPAl+Zr alloy is shown below in Fig. 5 . It should be noted that the final annealing time (to obtain recrystallization) for this alloy at 485°C was 106 minutes; this suggests that the additional Fe and Si exert appreciably greater solute drag when compared to a final annealing time for the HPAl+Zr alloy at 485°C of 20 minutes (to obtain comparable migration distances). With respect to the most mobile grain boundaries, there is a maximum in migration rate near the sigma 7 CSL boundary type (38.2°), with the largest grains possessing boundary misorientation angles of 38-39° and some at angles between 40-50°, as shown in Fig. 6a ; this trend is similar to that seen in the HPAl+Zr alloy annealed at 350°C. In contrast to this, the most mobile grain boundaries for this CP+Al alloy annealed at approximately 525°C had misorientation angles above 40°, with the largest closer to 50°, as shown in Fig. 6b . The comparison of the two plots shows a strong compensation effect, similar to that found in the HPAl+Zr alloy. This shift in maxima from low temperature anneals (presumably at T<Tc) to high temperature anneals (T>Tc), is supported by the results of Gottstein et al. [6] in a study of curvature driven <111> boundaries in aluminum.
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Summary
• The change in annealing temperature from 350°C to 485°C produces drastically different trends in grain boundary mobility with respect to specific boundary types in an HPAl+Zr alloy. A maximum near the Σ7 CSL type is seen at 350°C whereas a minimum at this angle is seen at 485°C, with maxima at both 35° and 48°.
• A similar trend in character specific growth is found in a CPAl+Zr alloy annealed at 485°C, with a local maximum near the Σ7 CSL boundary misorientation.
• A compensation effect is observed in both alloys when changing from low to high temperature anneals; the maximum at 38-39° is shifted due to this Materials Science Forum Vols. 467-470 1001 change, suggesting low activation energy of the near Σ7 boundary growth process.
• Significant faceting is seen in the HPAl+Zr alloy annealed at 350°C; these faceted grain boundaries are of the Σ7 CSL boundary type. Faceting was negligible in both the CPAl+Zr alloy and the HPAl+Zr alloy when annealed at 485°C.
• Slower recrystallization was noted in the CPAl+Zr sample compared to the HPAl+Zr; the recrystallization time was approximately 80 minutes longer. This suggests stronger solute drag corresponding to the higher levels of iron and silicon present in this material.
• The above observations suggest a connection between boundary character and morphology with both temperature and solute content. At a given temperature, alloys with higher solute content exhibit mobility variations similar to those with lower solute content annealed at higher temperatures.
